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Abstract Dielectric properties in three main directions for 
hinoki wood (Chamaecyparis obtusa) specimens condi¬ 
tioned at various levels of relative humidity were measured 
in the frequency range from 20 Hz to 10 MHz over the tem¬ 
perature range from — 150°C to 20°C. Three relaxations 
were observed in the specimens conditioned at high levels 
of relative humidity. The relaxation in the highest 
frequency range was ascribed to the motions of adsorbed 
water molecules. The relaxation in the middle frequency 
range remained unchanged by the ethanol-benzene extrac¬ 
tion of specimens. The relaxation location was independent 
of measuring directions. The relaxation in the lowest fre¬ 
quency range was not detected in the specimens impreg¬ 
nated with methyl methacrylate (MMA). This result 
suggested that the relaxation was due to electrode polariza¬ 
tion. The Cole-Cole circular arc law applied well to two 
relaxations recognized in the specimens impregnated with 
MMA. The relaxation magnitude in the middle frequency 
range was extremely large, and the distribution of relax¬ 
ation times was very narrow. These characteristics sug¬ 
gested relaxation of the Maxwell-Wagner type resulting 
from the interfacial polarization in the heterogeneous struc¬ 
ture, which included adsorbed water with large electrical 
conductivity within the insulating cell walls. 

Key words Dielectric relaxation ■ Heterogeneous struc¬ 
ture ■ Adsorbed water • Cole-Cole circular arc law ■ Methyl 
methacrylate 


H. Sugimoto (E3) 

Advanced Wood-based Material Technology Group, Materials 
Research Institute for Sustainable Development, National Institute 
of Advanced Industrial Science and Technology (AIST), 2266-98 
Anagahora, Shimoshidami, Moriyama-ku, Nagoya 463-8560, Japan 
Tel. +81-52-736-7307; Fax +81-52-736-7533 
e-mail: h-sugimoto@aist.go.jp 

R. Takazawa 

Daiken Kogyo, Okayama 702-8045, Japan 
M. Norimoto 

Department of Mechanical Engineering, Doshisha University, 
Kyotanabe 610-0321, Japan 


Introduction 

Relaxation has been observed in dielectric measurements 
of moist wood at around 100 kHz in the temperature range 
between — 100°C and —60°C. 1 ^ 1 The cause of this relaxation 
has been assigned to the motions of adsorbed water in the 
cell walls. 5 On the other hand, Maxwell-Wagner type relax¬ 
ation of moist wood has been recognized in the temperature 
range between —20°C and 80°C over the frequency range 
from 30 Hz to 5 MHz. 6 There have been few reported stud¬ 
ies of this type of relaxation. 6 ' 7 

Moist wood has an extremely high electrical conductivity 
due to the movements of ions in the cell walls. An electrode 
polarization at the interface between electrodes and a 
moist specimen is occasionally observed. Even if Maxwell- 
Wagner type relaxation due to the interfacial polarization in 
a heterogeneous structure, including portions with high 
conductivity in an insulator exists in moist wood, it is buried 
by the large dielectric loss due to the electrode polarization. 
Accordingly, to detect the relaxation, it is necessary to re¬ 
move ions from the specimen and to reduce the dielectric 
loss due to the electrode polarization. 

To investigate Maxwell-Wagner type relaxation, we 
measured the dielectric properties of the wood specimens 
extracted with a mixed solvent of ethanol and benzene to 
remove ions and impregnated with methyl methacrylate to 
reduce the electrode polarization. The results obtained pro¬ 
vide important information to clarify the state of adsorbed 
water in the wood cell walls. 


Materials and methods 

Materials and chemical treatments 

Hinoki (Chamaecyparis obtusa) heartwood cut in three di¬ 
rections [longitudinal (L), radial (R), tangential (T) with 
regard to the electric field] was used. The dimensions of 
specimens were 5 X 50 X 50 mm. Some of the specimens 
were extracted with a mixed solvent of ethanol and benzene 
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(volume ratio 1:2) for 24 h using a Soxhlet extractor 
and then boiled in water for 3h. The weight loss of speci¬ 
mens by the extraction was about 4%. Some of the abso¬ 
lutely dried extracted specimens were impregnated with a 
solution of methyl methacrylate (MMA) containing 1% 
a,a'-azobisisobutyronitrile as an initiator under reduced 
pressure, wrapped in aluminum foil, and polymerized for 
2h at 80°C. The untreated, extracted, and MMA-treated 
specimens were absolutely dried by heating at 60°C for 2h 
under reduced pressure and then conditioned at 60%, 80%, 
90%, and 97% relative humidity (RH). The moisture 
contents of the untreated specimens were 10.0%, 15.1%, 
17.4%, and 25.3% at the respective RH values. Those of the 
extracted specimens were 10.4%, 15.1%, 17.4%, and 25.8%, 
respectively. Those of the specimens impregnated with 
MMA were 4.2%, 5.6%, 6.8%, and 9.5%, respectively, and 
the reduced moisture contents (moisture contents 
calculated based on the weight of specimens before MMA 
impregnation) were 11.0%, 14.7%, 17.8%, and 24.9%, 
respectively. 

Measurement of dielectric properties 

An impedance analyzer (Agilent 4294A Agilent) and an 
electrode (Agilent 16451B, effective diameter 38mm) were 
used in dielectric measurements at 20°C in the frequency 
range from 40 Hz to 10 MHz. An LCR-meter (HP4284A, 
Hewlett-Packard), an electrode (SE-30, Ando Electric, 
effective diameter 38mm), and a bath (TO-2, Ando Elec¬ 
tric) were used in dielectric measurements with a heating 
rate of less than l°C/min in the temperature range from 
— 150°C to 20°C and in the frequency range from 20Hz to 
1MHz. The dielectric constant e', loss e", and loss tangent 
tan 3 of specimens were calculated. 


Results and discussion 

Figure 1 shows the relationship between the logarithm of 
the dielectric constant (loge'), the logarithm of electrical 
conductivity (logo), and that of the logarithm of loss tan¬ 
gent (log tan d) and the logarithm of frequency (log f) in the 
longitudinal direction at 20°C for the untreated (left row) 
and extracted (right row) specimens conditioned at various 
levels of RH. The values of loge' in the absolutely dried 
condition for the untreated specimens were very small and 
almost constant, while those in the moist condition in¬ 
creased with increasing RH. An inflection point suggesting 
a dielectric relaxation was detected in the specimens condi¬ 
tioned at RH above 80%. The inflection point moved to a 
higher frequency range with increasing RH. The values of 
loge' for the untreated specimens conditioned at 97%. RH 
increased linearly with decreasing frequency below 1 kHz. 
No remarkable changes in loge' vs log/curves above 1kHz 
were recognized by the extraction of specimens. The values 
of logo in the absolutely dried condition for the untreated 
specimens increased linearly with increasing log/ and 


untreated extracted 
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Fig. 1. The logarithm of dielectric constant (loge'), the logarithm of 
electric conductivity (log a), and the logarithm of loss tangent 
(log tan <5) plotted against the logarithm of frequency (log/) at 20°C in 
the longitudinal direction for the untreated (left) and extracted (right) 
hinoki wood specimens conditioned at the indicated relative humidity 
(RH) 


increased greatly with increasing RH. An inflection point 
was observed in logo vs log/curves for the specimens con¬ 
ditioned at RH above 80%. Although the extraction in¬ 
duced no significant changes in the absolutely dried 
specimens, the values of logo in the specimens conditioned 
at higher RH decreased in the low frequency range. On the 
other hand, the location of the inflection point remained 
unchanged. The values of log tan 3 for both the untreated 
and extracted specimens were very small in the absolutely 
dried condition, but increased greatly with increasing RH. 
The values in the low frequency range were decreased by 
the extraction. A clear peak was detected in logtand vs log/ 
curves for the specimens conditioned at both 80% and 90% 
RH. The peak’s location was close to that of the inflection 
point in the curves of loge' and logo plotted against log/. 
Two peaks were recognized in the specimen conditioned at 
97% RH, and the peak value in the lower frequency side 
was extremely large. 
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Fig. 2. The logarithm of dielectric constant (loge'), the logarithm of 
electric conductivity (logo), and the loss tangent (tand) plotted against 
the logarithm of frequency (log j) at 20°C in the longitudinal (L), radial 
( R ), and tangential ( T ) directions for the extracted hinoki wood speci¬ 
mens conditioned at 97% RH 
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Fig. 3. The logarithm of dielectric constant (loge') and the loss tangent 
(tan <5) plotted against the logarithm of frequency (log f) at 20°C in the 
longitudinal direction for the extracted and methyl methacrylate- 
impregnated ( WPC ) hinoki wood specimens conditioned at 97% RH 


Figure 2 shows the curves of loge', logcr, and tand plot¬ 
ted against log/ at 20°C in the longitudinal, radial, and 
tangential directions for the specimens conditioned at 
97% RH. The values of loge' were the largest in the longi¬ 
tudinal direction, while those in the radial and tangential 
directions were almost the same. The inflection points be¬ 
tween 10kHz and 100kHz in the loge' and logcr curves 
coincided in the three measuring directions. The locations 
of two peaks observed in the tand curves coincided in the 
three directions. These results suggested that the relaxation 
in the high frequency side was related to the structure inside 
the cell walls. 

Figure 3 shows the curves of loge' and land plotted 
against log f at 20°C in the longitudinal direction for the 
extracted and MMA-impregnated specimens conditioned 


log/(/in Hz) 

Fig. 4. The dielectric constant (e 1 ), the dielectric loss (e"), and the 
logarithm of electrical conductivity (logo) plotted against the loga¬ 
rithm of frequency (log f) at the indicated temperatures in the longitu¬ 
dinal direction for the methyl methacrylate-impregnated hinoki wood 
specimens conditioned at 97% RH 


at 97% RH. The values of loge' were decreased to almost a 
constant value below 10 kHz by the MMA impregnation. 
However, no significant changes were recognized above 
10 kHz. The values of tand were also decreased in the low 
frequency range, and a large peak observed in the extracted 
specimens disappeared. Our previous study 8 showed that 
the relaxation due to the motions of methylol groups in the 
cell walls remained unchanged by MMA impregnation. The 
moisture contents of the untreated specimens and the re¬ 
duced moisture contents of the MMA-impregnated speci¬ 
mens were almost the same. The reduced moisture content 
means the moisture content calculated based on the weight 
of the specimen before the treatment. These results sug¬ 
gested that MMA was deposited selectively in the cell lu¬ 
mens. The electrical conductivity due to the movements of 
ions in the specimen appears to have been reduced consid¬ 
erably by the treatment. The large values of tand in the low 
frequency side for the untreated specimen could be ascribed 
to electrode polarization. On the other hand, the tand peak 
in the high frequency range for the extracted and MMA- 
impregnated specimens could be ascribed to relaxation in¬ 
side the cell walls. 

Figure 4 shows the curves of e', s", and logcr plotted 
against log/ in the longitudinal direction at various 
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temperatures for the MMA-impregnated specimens condi¬ 
tioned at 97% RH. Two relaxations were observed in the 
temperature range between — 100°C and 20°C. The three 
plots on the left of Fig. 4 show the results of the relaxation 
at low temperature. In our previous reports, we ascribed 
this relaxation to the motion of adsorbed water. 15 The three 
plots on the right of Fig. 4 show the results of the relaxation 
above —40°C. This relaxation is the same as that in the high 
frequency range in Fig. 3. This large relaxation appeared in 
the specimen conditioned at high RFI. 

There are two main relaxation mechanisms, which are 
due to dipole polarization and interfacial polarization. The 
Maxwell-Wagner theory predicts that a dielectric relaxation 
due to interfacial polarization occurs when a material con¬ 
sists of two parts with different sets of e' and o. 9 Micro- 
Brownian motions of chemical constituents of the cell walls 
may be considered as a mechanism of the relaxation in the 
high temperature range; however, according to this mecha¬ 
nism, it is difficult to explain the extremely high relaxation 
magnitude of about 50 shown in Fig. 4. On the other hand, 
it is well known that the relaxation due to the interfacial 
polarization generally shows a very large relaxation magni¬ 
tude. 10 The adsorbed water molecules in the cell walls at 
high moisture contents appear to aggregate and form clus¬ 
ters. Electrical conductivity in the clusters of the adsorbed 
water is made possible by proton transfer through hydrogen 
bonds. 11 Therefore, we speculate that two phases consisting 
of the cell wall substance and the clusters of the adsorbed 
water molecules are formed in the cell walls. The cell wall 
substance has low values of s' and cr, while the clusters of 
the adsorbed water have high e' and a values. Thus, 
Maxwell-Wagner’s type relaxation can be expected to occur 
in the cell walls. 

With respect to two relaxations observed in the MMA- 
impregnated specimens, the Cole-Cole circular arc law was 
applied to the sets of s' and e". The law is expressed by the 
following equation: 11 


- = («o - £»)' 


1 + (iwT m f 


where t* is the complex dielectric constant (e* = s' — ie"), 
e 0 is the dielectric constant at the limiting low frequency, e, 
is the dielectric constant at the limiting high frequency, w is 
the angular frequency (a» = 2jtf), r m is the generalized relax¬ 
ation time, and /? (0 § (3 § 1) is the parameter relating to the 
distribution of relaxation times. The value of (e 0 — t: y ) is 
called the relaxation magnitude. This equation predicts that 
the values of e" give a circular arc when plotted against 
those of s'. The values intersecting the abscissa are £ 0 and £,_, 
respectively. 

Figure 5 shows the Cole-Cole plots for the relaxation 
due to the motions of the adsorbed water at — 80°C and 
— 100°C. The circular arc law applied well to the results. 
The values of £ 0 , £„, (£ 0 — £„), ft, and log f m are shown in 
Table 1. When the values of log/ m were plotted against the 
reciprocal of absolute temperature, a straight line was ob¬ 
tained. The value of apparent activation energy calculated 
from the slope of the straight line was 69.3kJ/mol. The 


Table 1. Parameters calculated from Cole-Cole plots at various tem¬ 
peratures for relaxation due to adsorbed water and heterogeneous 
structure in methyl methacrylate-impregnated hinoki wood specimens 
conditioned at 97% RH 


Temperature (°C) 

£o 

£co 

£ 0 - e. 

P 

log/m 

Relaxation due to adsorbed water 




-too 

7.6 

2.6 

5.0 

0.5 

2.24 

-90 

7.8 

2.6 

5.2 

0.5 

3.29 

-80 

7.9 

2.5 

5.4 

0.5 

4.32 

-70 

7.9 

2.4 

5.4 

0.5 

5.27 

Relaxation due to heterogeneous structure 



-50 

55.5 

9.0 

46.5 

0.8 

1.10 

-40 

56.5 

9.8 

46.7 

0.8 

1.83 

-30 

59.8 

10.8 

49.1 

0.8 

2.35 

-20 

61.8 

10.3 

51.5 

0.8 

2.85 

-10 

61.8 

10.1 

51.7 

0.8 

3.41 

0 

55.5 

9.7 

45.8 

0.8 

3.87 

10 

55.4 

9.7 

45.6 

0.8 

4.18 

20 

57.7 

9.5 

48.1 

0.8 

4.43 



Fig. 5. Cole-Cole plots at —80°C and — 100°C for relaxation due to 
motion of water adsorbed on methyl methacrylate-impregnated hinoki 
wood specimens conditioned at 97% RH 
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Fig. 6. Cole-Cole plots at —40°C, — 20°C, 0°C, and 20°C for relaxation 
due to heterogeneous structure in methyl methacrylate-impregnated 
hinoki wood specimens conditioned at 97% RH 

details of this relaxation have been described in our previ¬ 
ous work. 2 

Figure 6 shows the Cole-Cole plots at -40°C, — 20°C, 
0°C, and 20°C. The circular arc law applied well to the 
results. The parameters obtained from the plots are shown 
in Table 1. The values of (£ 0 — £„) were very high values of 
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about 46 to 52. The values of /? were 0.8, showing a very 
narrow distribution of relaxation times. The heterogeneous 
structure of the cell walls in which the clusters of the 
adsorbed water were distributed in the cell wall substance 
suggests that this is Maxwell-Wagner type relaxation. 


Conclusions 

The dielectric constant, dielectric loss, and electric 
conductivity for untreated and extracted hinoki wood 
(Chamaecypans obtusa) specimens conditioned at various 
levels of relative humidity were measured in the frequency 
range from 20 Hz to 10 MHz over the temperature range 
from — 150°C to 20°C. The measurements were also con¬ 
ducted for specimens impregnated with methyl methacry¬ 
late (MMA). The results obtained are as follows: 

1. The untreated specimens showed three relaxations. The 
relaxation in the highest frequency range was ascribed to 
the motions of the adsorbed water. The relaxation in the 
middle frequency range was not affected by extraction 
with a mixed solvent of ethanol and benzene. The loca¬ 
tion was independent of the measuring directions. 

2. The MMA-impregnated specimens did not show relax¬ 
ation in the lowest frequency range for the untreated 
specimen. This suggested that the relaxation was due to 
electrode polarization. 

3. The Cole-Cole circular arc law applied well to the relax¬ 
ations recognized in the MMA-impregnated specimens. 
The relaxation magnitude in the lower frequency side 
was about 50, and the distribution of relaxation times 


was very narrow. This relaxation was considered to be 
due to the heterogeneous structure consisting of the clus¬ 
ters of adsorbed water and the cell wall substance. 
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